ABSTRACT: The formation of Fe n,m hydmxy salts (green rusts) from Fe n sulphate and chloride solutions and their transformation to lepidocrocite, 7-FeOOH, was studied at ambient temperature, constant pH of ~7.0 and under controlled air flow. The formation of green rust and its subsequent transformation to lepidocrocite could be distinguished by the reaction rate and solution chemistry. The SO4 2-and CI-concentrations in solution attain a minimum at the break between the two reaction steps and are completely restored to their initial values after complete transformation to lepidocrocite. While the green rust is being formed, its FeU/FO n ratio shows a minor decrease and its Fern/anion ratio a minor increase. These ratios, however, deviate from the ideal pyroaurite-type structure (M2+/M 3+ = 3; M3+/A = 1; M: metal; A-: anion) and possibilities to accommodate this deviation are discussed. A period during which no protons were produced (i.e. no base consumed) was found to separate the two reactions in the chloride, but not in the sulphate system. During this period a partial solid state oxidation of the green rust took place, leading to its destabilization and eventual decomposition.
Green-blue iron hydroxide compounds occur under reducing and weakly acid to weakly alkaline conditions as intermediate phases in the formation of Fe oxides (goethite, lepidocrocite, magnetite). Because these green compounds were first discovered in conjunction with corrosion of steel in earth surface environments, they were called green rusts. Their well-known structure is of a pyroaurite type. It consists of sheets of Fen(OH)6 octahedra (called hydroxide layer in this article) in which some of the Fe n is replaced by Fe m, creating a positive layer charge which is balanced by anions located between the layers (Feitknecht & Keller, 1950; Bernal et al., 1959; Stampfl, 1969; Brindley & Bish, 1976) . Chloride and sulphate are the most common interlayer anions, but a carbonate form of green rust also exists (McGill et al., 1976; Stampfl, 1969; Taylor & McKenzie, 1980; Taylor, 1980) and may be the form occurring in nature. Recently, Bender Koch & Mc~rup (1991) have identified green rust in an ochre sludge in Denmark.
The oxidation of Fe(OH)2 to FeOOH via green rust in unbuffered chloride and sulphate systems was extensively studied by Derie & Ghodsi (1972) and Detournay et al. (1974 Detournay et al. ( , 1976 . They monitored the overall degree of oxidation, pH, Eh, C1-and SO42-concentration in solution and the 02 consumption. During the reaction, the pH dropped from 8 to below 4 and the Eh rose from --0.5 V to +0.4 V with strong intermediate buffering at pH --6 and an Eh of --0 V. A break in the rate of oxidation was combined with a minimum of [SO42-] ([] denotes concentration) (Detournay et al., 1974) and [CI-] (Derie & Ghodsi, 1972) in the supernatant. For the chloride system, these authors divided the reaction into three parts: Fe(OH)2 ~ FeII green rust I --~ Fem green rust I ~ lepidocrocite. Solcova et al. (1981) recognized rate of oxidation, type and concentration of anion, temperature and particularly pH as important factors that determine the nature of the oxidation product. In a later study, therefore, the same group (Vins et al., 1987) as well as Taylor (1984a,b) kept the pH constant during the reaction and measured the base consumption as a quantitative indicator for the extent of hydrolysis of Fe. The authors noticed a plateau in the base consumption-time curve and Taylor (1984a) found that this plateau was accompanied by a drop in Eh.
The experiments described in this paper were aimed at gaining further insight into the reaction mechanism during the formation and transformation of green rust. A closely monitored sytem was used in an attempt to improve separation of the various reaction steps by analysing the solution and the nature and composition of the precipitates during the process. 0.02~ step. During the scans the samples were either purged with N 2 (Philips) or covered with a Mylar film (Guinier).
METHODS
The standard oxidation experiment was as follows: 370 ml aliquots of a solution of 0.1 M FeSO4 or 0.1 M FeC12, freshly prepared from reagent grade FeSO4"7H20 and FeCI2.4H20 and purged with N2, were placed in a reaction vessel equipped with a magnetic stirrer, a gas and base inlet and a pH electrode, and connected to a Radiometer titrator TTF80. The solution was first titrated with 1 M NaOH to pH 7.0 (sulphate system) and pH 6.8 (chloride system). This pH range guarantees green rust formation with no interference by magnetite (at higher pH). The nitrogen gas was then replaced by CO2-free air at a rate of 7.1 ml/min While stirring, and the pH was kept constant (0.1 pH) by adding 1 M NaOH as needed through a magnetic valve. The gas flow was monitored with a calibrated gas flow apparatus. To analyse the solution and the precipitate during the reaction, 5 ml aliquots were taken intermittently. In a series of rapid steps, these were centrifuged under N2 with N2-treated water and dissolved in 2.5 ml 2.5 M HCI or H2SO4. Both the supernatant and the dissolved precipitate were analysed for Fe u, total Fe, and SO42-or CIwith o-phenanthroline, suiphosalicylic acid and with an ion chromatograph (Dionex), respectively. The Fe In was taken as the difference. Prior to anion determination, Fe had to be removed from the solution and this was achieved by passing the solution through a column with a strong acid cation-exchange resin.
A total of 30 separate runs were performed. To determine the analytical error of the solid phase analysis in the SO4 system, the oxidation was quenched in three separate experiments at 25.9, 53.6 and 68.1% of total base consumption by cutting off the air supply. Four 5 ml aliquots were taken from each of the suspensions. The average FeU/Fe Ill and Feln/so4 mole ratios of the precipitate were 1.98 + 0.05 and 1.42 + 0.08 (n = 12), respectively.
X-ray diffraction (XRD) step scans were run from 5-35~ (Co-Kct) with a Philips vertical goniometer (PW 1050)equipped with a diffracted beam monochromator or with a Huber Guinier diffractometer. The counting time was 1 s per
RESULTS

General observations
After the pH of the solution was brought up to 7 (6.8) at the start of the experiment, the solutions had a green colour with a slight turbidity, indicating traces of Fe IIl even in the initial solutions. As soon as air was introduced, NaOH was consumed to neutralize protons resulting from Fe hydrolysis and a heavy green precipitate started to form. At an air flow of 7.1 ml/min, complete oxidation of the initial 37 mmol Fe 2+ at pH 7 (sulphate system) took ~ 140 min. After this time, 8.5 mmol O2 had been passed through the system, with which 34 mmol of Fe 2+ can theoretically be oxidized, close to the initial amount. In this experiment, the rate of oxidation was thus determined by the air flow as in the experiments by Vins et al. (1987) .
Visual observation indicated the reaction to take place in two parts. In the first part the amount of green precipitate increased steadily, whereas in the second part it turned gradually into the final orange Fe In oxide. No more base was consumed once the bright orange product was obtained, and in all runs the total base consumption corresponded to the theoretical value, i.e. 2 mole OH-per mole Fe 2+. This means that the oxidation was complete.
Sulphate system
Figure 1 (upper left) shows a typical example of the changes of [Fe] and [SO42-] in the supernatant solution with time. The loss of Fe and SO42-from solution is linearly related to base consumption. At --80% base consumption the decrease of [SO42-] ceased and began to increase at a rate equivalent to the reduced base consumption, the rate of which dropped from 0.74 + 0.04 mmole/min before the break to 0.014 ___ 0.002 mmole/min after the break (n = 3). At the end of the reaction, all Fe was in the precipitate, whereas all SO42-had reappeared in solution.
X-ray diffraction of the quickly freeze-dried precipitate during the first part of the reaction taken at three reaction stages showed only the sharp peaks at 1.10, 0.565 and 0.370 nm corres-
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ponding to the 001, 002 and 003 spacings of sulphate green rust based on a hexagonal cell (Bernal et al., 1959) . This was, therefore, the sole product. At the end of the reaction the precipitate consisted of lepidocrocite, occasionally with a trace of goethite.
In all runs the FeU/Fe m ratio decreased gradually from about 2.4 to 2.0 before the break, and more rapidly after the break, finally reaching zero (Fig. 1, upper right) . The Fem/SO42-ratio was rather constant and close to 1.0 before the break, and increased rapidly after the break.
Chloride system
Similar to the sulphate system, [CI-] in the chloride system went through a minimum and reattained its initial value at the end of the reaction. In the first part of the reaction the Fell/ Fe u[ ratio of the green rust gradually decreased from 3.0 to 2.2 and the Fetn/Cl -t ratio increased slightly from about 0.8 to 1.0. The main difference between the CI-and the SO4 z-system was that, in the former, the two reaction steps were separated by a period where no OH-is consumed, i.e. net H + produced (Fig. t, lower left) . This plateau, which has also been described by Taylor (1984a,b) and Vins et al. (1987) , was paralleled by a slight increase in [Fe 2+] and [C1-] in the solution. A drop in Eh similar to that found by Taylor (1984b) was also observed (not shown). The precipitate did not noticeably change colour during the plateau period, and its XRD pattern uniformly showed (as before the plateau) a chloride green rust pattern with spacings at 0.809 (003), 0.404 (006) and 0.269 nm (102) based on a rhombohedral cell. Only a trace of lepidocrocite was present. At the same time the FeIVFe m ratio of the solid decreased drastically, from 2.25 to 0.78 and the FeHV CI-ratio increased from about 1.0 to 3.0 (Fig. 1,  lower right) .
To ensure formation of lepidocrocite only, the air flow had to be increased beyond the plateau (e.g. from 7.1 to 40 ml/min) because otherwise magnetite was formed, i.e. the oxidation was incomplete. This agrees with earlier observations that slow oxidation leads to complete dehydration and only partial oxidation of the green rust to Fe304, whereas on fast oxidation the green rust is completely oxidized and only partially dehydrated to lepidocrocite (Bernal et al., 1959; Taylor & Schwertmann, 1974; Solcova et al., 1981) .
DISCUSSION
The formation of lepidocrocite by oxidation of Fe n chloride and sulphate solutions at about pH 7 and a low air flow rate clearly proceeds via two different reaction steps. The first reaction involves the formation of green rust. Because green rust contains structural Fe m, its formation from a pure Fe II solution requires some oxidation before the formation can begin. The bluish-green precipitate therefore does not form before air is introduced into the system. If oxidized at about pH 7, Fem ions once formed will immediately hydrolyse and precipitate as a hydrous, poorlyordered Fem oxide (2-1ine-ferrihydrite). This is sufficiently active to react quickly with dissolved Fe z+ at this pH to form green rust, through the reaction:
x"Fe(OH)3 "1 + yFeSO4 + 2(y -z) NaOH FeynFe., -m (OH)3x+2y 2::($04)~-+ (y -z) Na2SO4
This reaction gains support from a separate experiment in which freshly precipitated 2-1ine-ferrihydrite was completely converted to green rust by adding dropwise a solution of 0.1 M FeC12 at pH 7. The rate of green rust formation appears to be limited by the rate of ferrihydrite formation which, under the conditions chosen, is determined by the rate of 02 supply. The formation of green rust ceases when a certain minimum [Fe 2+ ] is reached, which may be close to that in equilibrium with the green rust. On further lowering of [FEZ+] , the solution eventually becomes undersaturated with respect to green rust and it begins to decompose. At this point, the 1 For simplicity, this formula is used for the poorlyordered Fe m oxide because the exact composition of a 2-line-ferrihydrite is not known. values for [Fe 2+] were 2-3 x 10 3 M/I for the sulphate form and 13-14 • 10 .3 M/1 for the chloride form. The transformation to lepidocrocite can be described by:
FeyllFex lil(OH)3x+2),_2z(So4)z + 0.25yO2 + 2zNaOH ~ (x + y) FeOOH + zNa2SO4 + (x + 0.5y) H20
During this reaction, base is consumed to complete the hydroxylation of Fe, i.e. to replace SO42 or C1 for OH-.
With regard to the composition of green rusts, two aspects should be discussed: the Fen/Fe Iu and the Fern/anion ratios. If the formula of pyroaurite is taken as the ideal composition of this group of an FeWFe m ratio of 3, and Fenqanion ratios of 1 for the chloride and 2 for the sulphate form would be expected. Feitknecht & Keller (1950) suggested an ideal FeU/Fe ul ratio as high as 3 for the chloride form but noted that the structure tolerates a ratio as low as 0.78 before it breaks down. Vins et al. (1987) proposed a general range of 0.43-1.5 for both the halogenide (CI, Br, I) and sulphate forms. From the intensity ratio of the Fe II and Fe TM doublets of M6ssbauer spectra, these authors estimated FeU/Fe m ratios of 0.78, 0.59 and 1.14 for three separate samples. Using the same method for a sulphate green rust, Cuttler et al. (1990) found a ratio of 2.25, similar to the value of --2 of Tamaura et al. (1984) . A wide range of 0.82-3.0 was reported for chloride green rust by Detournay et al. (1976) , but a ratio of 3 was taken as that of an unoxidized green rust. Finally, for carbonate green rusts, ranges of 0.5-3.0 were reported by Murad & Taylor (1986) on the basis of M6ssbauer spectra and 1.86-2.06 by Hansen (1989) using chemical analysis. The formation of green rust requires a minimum of Fem that most probably lies close to 25% of total Fe for the chloride form and close to 33% for the sulphate form. Once formed, however, the structure tolerates much higher proportions, possibly up to more than 50%, before breaking down.
The Fen/Fe m ratios for the two different forms found in the present experiments are well within the range reported in the literature. However, additional information was obtained that during the formation phase of green rust, its Fen/Fe nl ratio is on the high side of the possible range (2.5-3.0) and not very variable. A drastic decrease in this ratio only takes place when the [Fe 2+] in solution has dropped to a value too low for further green rust formation.
With regard to the interlayer occupancy, deviations to both sides of the ideal value have been reported (Feitknecht & Keller, 1950; Stampfl, 1969; Hansen, 1989) . In particular, an Fern/C1 -ratio of 0.85 (instead of 1), close to that reported in this paper, was found by Feitknecht & Keller (1950) . Tamaura et al. (1984) gave a ratio of 1 (instead of 2) for SO4 green rust, and Detournay et al. (1976) found a range of 1-2 for the chloride green rust. Even higher ratios of 1.1-5.8 were reported by Vins et al. (1987) . Large variations of MIu/CO3 2-were also reported for other members of the pyroaurite group (Hansen & Taylor, 1990 . These data and the fact that in our experiments the FenqSO42-ratio is relatively constant over the time span of green rust formation make it likely that deviations from the theoretical ratio are real.
The approximate bulk formula of our sulphate green rust during most of its formation period is FenzFeln(OH)5(SO4). This surplus of 8042-may be either explained by cations that are located between the layers such as in wermlandite, another pyroaurite-type mineral (Rius & Allmann, 1984) or, more probably, by an O 2 or 8042-sharing an O ligand with an Fe of the hydroxide layer.
The corresponding approximate bulk formula for the chloride form would be Fenlz.yFO ll-(0H)7.6C10. s. In contrast to the sulphate form, this would indicate a 20% deficiency in C1. This could be accounted for by some O 2-replacing OH in the hydroxide layer (Tamaura et al., 1984) , leading to Fell2.yFelll(OH)7.400.1oCln.8o. Another possibility, suggested by Vins et al. (1987) , is the presence of some OH between the layers. A pure hydroxyl interlayered form of a pyroaurite compound (meixnerite) was described by Mascolo & Marino (1980) .
The plateau separating the formation of green rust from its decomposition phase has been observed for the CI system by Taylor (1984b) and in our experiments, and in the SO42-system by Solcova et al. (1981) . During this period, the Eh in the solution (Taylor, 1984b) and the Fell/ Fem ratio of the green rust decreases (the latter from 2.25 to 0.78). We also observed a minor but significant increase of [Fe 2+] 3.07 mmol, respectively). The increase in [Fe 2+] would explain the decrease in Eh. X-ray diffraction of the product at the plateau showed green rust with only a small but slightly increasing proportion of lepidocrocite.
Based on these data it is suggested that the main reaction taking place at the plateau is a solid-state oxidation of the green rust (Solcova etal., 1981) to form what Detournay (1976) called "ferric green rust". Progressive oxidation eventually destabilizes the green rust, leading to a slightly elevated solubility, as seen from the small but significant increase in . Neither the dissolution nor the solid-state oxidation of the green rust and the formation of lepidocrocite affect the pH. This explains why no OH-is consumed.
